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Abstn~ Bi.odcr~ compo:sik: electrodes in the mooolithic foon pn:pacc:d from carboo.oaoot•lbcs (CNTs) and selt.adhesive 
carbon grains (SAC G) from fibas of oil palm empty fruit bunch were studied as an eloctrodC in a supercapacitor. The gra:n 
m~noliths (GMs) were prepared from ~ different types of prt:CW'SOrs

1 
SACG, SACG treated with 0.4 Molar ~04 and 

nuxture of SACG and 5% .CNTs (by wesght) treated with 0.4 Molar H~04, respectively. Thc:se GMs. wac C3Ibooizcd at 
600"C in N2 gas enviro~t and activated by C0z gas atS<>rC for I hour to prod~.~vated ~ mooollihs (ACMs) . 
The ~roperties of the ACMs (density, ~rosity, microstruc~, struciure and electrical condUctivity) wer;fOUDd affected by 
CNTs addition and acid trcal:menl The acid treatment did oOt improve ibe dcctrochcmical beh<ivior of IDe ACMs used as 
eJcctrode:s (specific capacitaOC(', specific energy and spocific power of tbe supax:apaciw) in tbe SUJXD'21pacitoc cells bul 
CNTs addition improves the equivalent series resistance of the cell. 
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INTRODUCfiON 

. Supercapacitors have the capabi'lity to store energy 
and deliver power within the range that can complement 
the function of batteries and dielectric capacitors. The 
energy comes from electrostatic charges that are stored at 
the electrode-electrolyte double.layc;r interface. Activated 
carbon [1,2}, metal - oxide [3,4] and electronidlly 
cooducting polymer [5,6] are commonly used electrode 
rnat.erials in supercapacitors. Technological development 
of • activated-<:arbon-based~upercapacitors baS been 
steadily growing because of their low cost. large 
capacitance and long. cycling life. High sPecific surfuce 
area offered by activated carbon cootn~ to the high 
specific capacitance of the supercapci.citors. However, use 
of 100 % activated carbon produces electrodes with low 
electronic conductivity, causing a high energy or power 
losS · during the dl.il.rge and the discharge . piOces.Ses. 

\ 
\ 

electrodes has been improved by means of physical and 
chemiciU acti\tations [9;10]. 

In 'the present paper we report the preparation and 
charaCterization of' 3.ctivated carbOn ·moiiolitlis (ACMs) 
electrodes from self-adhesive carbon ·grains. (SACG) of 
fibers o~ oil palm empty fruit btincbes (EFB). ACMs 
electrodes, label as ACM I, ACM2 aDd . AcMJ Wen: 
prepared frOm the green moooliths (G~)' of SACG, 
SACG treated with acid and a mixture containing 95% 
(by weight) SACG and 5 % CNTs treated with acid, 
respectively. Physical- adiv~on using C~ ga.S -was 
emptoyed to ~ ACMs. · The ACMs were 
cba.racterized to observe the effect of acid treatnieut and 
addition ofCNTs on their density, ek:c:tricii ~vity, 
porosity, microstruc:tw'e and struCture: ·. :lbe 
electrochemical cbaracteiistlcs ·of the · ACMs · electrodes 
used ip the ~ f.abric3ted in this wort and 
perfOrmance of these sUpen:apacitors were' investigakd. 

EXPERIMENTAL 

· Sample Preparation 

,..Efforts to reduce this energy loss have been inade by 
adding carbon nanetubes (CNTs) into activated Carbon to 
prQduce composite elec:trodes since CNTs have high 
electtonic conductivity £?,8]. Since .CNTs l¥ts lower 
specific . capacitance than activated. carbon, the .specific 
capacitance of the ·CNTs-activated-<:arbon composite Fibers of EFB were : pro-Carbciniied at low 

temperatUre 280°C using our p'revious methOd [t'I'l, and 
Tk 4dt NtDti)Sdata:and N~ s~ (NHS1011) 
AIP Coo! Ptoc. 1415, 17S.. I79 (2011); dOC 10.1063JI.3667lSO 
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followed by milling for~ bows using a ~·mill [ AC 
Motor BS S00-11) to produce fine powder. The powder 
was sieved to procluc:e the SACO wiUl partide size less 
than 106 microns. 30 g of SACG. and mixture of (9S % 
SACG + S % CNTs, by weight) were poured into 120 m1 
solution of H,SOf acid at 0.4 Molar, respectively. The 
solulioo was stirred for I bour and foUowed by cbying in 
oven at JCKrC for 48 boms to produce chy .powder. 
Furtbamore the dried powder weigbted at 10 g was 
milled for 20 minutes to obtain homogeneous powder. A 
pn:ss peDdtzing machine (VISD'EC 2009-Malaysia) with 
2SO kgcm..z of compression fon:e was Used to c:omat 
0.15 g of the powdef' Sainpies inside a mould with a 
diameter of20 mm into the OMs. . 

Using am J'nMoU5 multi-Step heanng p~file [It], tbe 
GMs were c:arbooi7.ed up to 60<t'C into carbon moriolitm 
in a furnace (Vukan Box Fumac:e 3-1750) under a I.S 
lmin"1 flow o{ N1 gas. The aubon monoliths were 
activated at 8ocr'C for I hour in a flow of tO lmin"1 C~ 
gas with a beating rate -of 5°Cmin"1 to produce ACMs. 
The A~ produced were polisbed to a. tbicbiess of 0.4 
rntn. The polished ACMs, stainless steei316L and H~04 
(I Molar}Weie us¢c1 as elecirodes, current colleCtors and 
eleCtro~ to fabricate Synim~trical sOpercapaciiOrs cells, 

. ly ' iespectite. • 

Cbaraderization 

The density of tbe GMs and ACMs were determined 
fiom the measurements of their weight (Mettler Toledo 
AB~04) ind ~ion (Mitutoyo .. 193~253) •. The 
electrical conductivity of the ~C~ ~ .m~. using 
a f?~1JOint~ .technique. (Jindel Unive.:saJ -Probe & 
K.ertbl~~~-~~· 220)._lhe mi.~ and 
morphology of tbe ACMs were investigated using a Field 

.. ~on-~ Electroa Microscope (FESEM) (Zeiss 
·SUP~.SSVP) •. lbe.X~ difiiadio~ (XRD)·pattems of 
the ACMs .wae.recordea fiom .an X-ray d"dfiact,ometer 
:(Bruke.r. AXS: moctel P8 ·~Ka1 . wavei~. n yf· 

. 1.5406 ~). .. lbe ~ ~cs of. tbe ACMs 
wae investigated by nitrogeo. (77. K) Bdsorpdoo-
dcsorptioa is9tberm ~ (ASAP. 2010 
~). . . 

'llle. cledrochemical c:haracterization ·.of the 
~ ·ccils. was ~.out_ by gal!anoscmc 
c:IJargo.disdwg (GCD), ~~~ ~ 
~ {EIS) and qCJ_ic . vohamm~ (CV) 
~ (Solalroo 1286 eledJochemical ~): All 
die measmemeu1s v.ae carried ·out at room temperature 
2S~ . 

' • 
~ULTS AND DISCUSSION .. · . ... : ~ . 

The results .in Table 1 sbow tbal OMs lost a ·lot of 
tJte'ii- . weiifrt · and volume after 'being conveited into 
• • I I 

,. 

ACMs; duo lo the .telease of aoa-cuboll coateots and 
rearrangement of ·carbon atoms duriftg carbo11ization, 
. respectively. A slight change in the density and a 
relatively liiger change in the electriCal condoc:tivity of 
samples due to acid tn:atment and addition of CNTs are 
shown by the data in Table ·1. 

TABLE L Weight (w). cfiamctcr (d). thiclmcss (t) and density 
(p) of GMs aDd ACMs. aod dcctrieal coodadivily (cs ) of 
ACMs 

w d l p CJ 

Samples (g) (mm) (mm) (gan"i (Omm)"' 
. GMt 0.721 20.187 2.267 0.994 
\GM2 0.723 20.140 2.213 1.025 
GM3 0.729 20.173 2.243 1.016 
ACMl 0316 IS.420 1.677 1.008 1.051 
ACM2 0.2SS 14380 1.470 1.066. 0.788 
ACM3 0.284 15.233 1.570 0.993 1.111 

l ~i~ .I shows the X-ray ~iffractograms .of tbe 
ACMs. All-of them indicate that ACMS have tmbosttatic 
·stnicture [12:-14] with major and minor peakS at -23.820° 
and\ -44.814° due to diffiadion ftom: (002)- and (100) 
plailes, respectively. Table 2 shows the calCulated values 
of ~terlayer spacing · (doaz and d1oo)' incl crystallite 
dim~on (stack height Lc. (002)) · an4 •k width L. 
(100)) from the cfiffiaction peaks. (002) and (100). 1be 
relatiQDSbip between ~ 4 surface area and specific 
~for cazboo from EFB is reported in re[ [12]. 
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FIGURE 1. X-ray di&actograms for ACMs. 

TABLE 1. lnterla)u spaciDg aocl ~ cfimcosioo for 
ACMs . . . , 

~Jes cla(A) . daoo(A) ~(A) .. L.(A) 
AcMI 3.7328 2.0210 10_:.91 .28.79 
ACM2 3.MS9 2.ois2 10,44 32.41 
ACMJ 3.5721 2.0370 14J2 31.88 

Figure 2 shows the . plot of adsutption-desoaptioo 
capacity versus pressure for . the · ACMs; · which have a 
typical type I isothernL Table 3 shows the porosity data 
of the ACMs obtained from the adsorption-desorption 
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data in Figure 2. The effect of acid treatment appears to 
reduce 1be surface area of tbe ACM.s.. The addition of 
CNTs fwtber reduced lhe surface area of !he ACMs. 

50 -+-Ao.Q 

40 -o-ACM3 

0 0 .2 0.4 0.6 0.8 1 

Relative Pressure (P Po-l) 

FIGURE 2. AdsQrption and desorption of ACMS. 

TABLE 3. Porosity data for ACMs 

Sample ACMl ACM2 ACM3 
Sm:T (m1-'l 420 329 250 
SMao (m tf ) 44 40 14 
~(~2§-1) 375 290 236 
vWco (em g·') 0.021 0.018 0.007 
VM"xn> (cm3g"1

) 0.175 0.135 0.1 16 
D(A) 19.0 19.2 17.7 

. Micrographs of FESEM in Figure 3 for !he ACMs 
show lhe porous microstructure of the samples, with 

· pOres evenly distributed throughout lhe samples. ACMl 
seems to be more porous t11an other samples and the 
presence of CNTs in some pores can be seen for the 
ACM3. 

The Nyquis plots (i.e. complex impedance plots) from 
. EIS data in Figure 4 show th<? ACMI cells have. muc~ 

better_ capacitive behavior than ACM2 and ACMJ ceJtS:;: 
Addition of CNTs seems to make. the ACM3 ceU have 
better capacitive behavior than ACM2 cell All plots 
(mset a) coilsi.st of a semicircle. with in~ at real (Z) 
axis. at:Rj for high frequency region· and· at Rp for lower 
frequency region. Table 4 shows. the values of~ Rp. 
ESR. ft and Rt of the t.hrte cells obtainea from the. ElS 
data in Figure 4: R, is !he resistances of electrolyte and 
coiltact between current coll~rs and electrodes, _Rp is 
the intemal resistance of electrode, ESR = (R,-RJ is the 
equivalent series resistance, ft is tl1e. knee frequency and 
~t is. the resistance corresponding to ft. The specific 
capacitance was calculated from the EIS data ·using 
equatioo c.== 2Cc:.lm, wbece c..,. == -ll(pfZ). f is the 
~ (lowest),.m is the mass of electrode and z:' is 
the imaginary part of impedance (fable 5) [ 15]. 

-The GCD ciirves, shown in Figure 5, for the ACMs 
cells, in the. potential range of 0 - I V at the current 

densities of 10 mAcm·2, exhibit an almost linear increase 
(charge) and dea-ease (discharge) ofVQbage with time. 

' 

FIGURE 3. FESEM Mkrograpbs foe ACMs. 
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TABLE4. 1bc valucsofR. R,. ESR. f;,aDdltt;fm ACMcdls 

R. R, ESR · fie ~ 
Cells en> en> (nj (Hz> en> 

ACMl 1.116 ' 1:506. 0.390 2512 1.876 
ACM2 1.0SS 2.341 1is6 79.433 2.66S 
ACM3 1.084 1.33S Oisl 79.433 LS47 

At the~~ of~ clisc:b8IP -~theft is a sharp 
drop in 'wbap, Which is assicxiated with ESR of the 
supcn:apaeitOr c:cUS.. The spCciffc.'~ of the cells 
wae c:aJmlalpl &am 1he cliscbaJP·~ QSiog equation 
<;, = (li&V(mA V). where I is the disdiarge current, At 
is the disc:barge dmc, .flv- is ~ voltage; ~ m is the 
mass of etectrodo [16). The ~~atecl values or c.,. 
listed in Tabfc 4, are in agreement with those oblaincd 
from the cV Ud EIS methods. , 

1.2 
-ACMI 

1 • • 
----ACM2 

· ·-ACM3 
• E:o.a • 

u 
. . 
• 

Eo.~ 
0 . 
:> 0.4 

0.2 

0 
0 100 200 300 400 500 600 

Time(sec) 
. ~. ~ "; 

:."FIGURif·~:GCDc:urves for ACMscdls. 

Fi~ 6 coin~ the cV resUlts for.thc-ACMs. cells, 
measufe4:fot ~~~al~~ fiOm o.~ y to 1.0 vat a 
scan rati.~f"l ~ ys~•-:~·iedaogujar ~·represents the" 
capacitive behaviOur of the ceUs; ·acid treatmeut recluc:es 

· such an· ~ iDcfi~·-a -~ of the 
superc:apacitiv priimaoce OC . the CeUs. A sligbl 

• improvcmeot of the ceO performance is observed with the 
additioo orrs. ADoaber notab~ r:easqre of the cv curve 
is that they do DOt show any cvideoce for the elds1aoce of 
the J:Mot aun:a,ts oo both the positive and negative 
5WeqlS in the pmtial cboseo nmge. This is a typical 
c:baractcristic of the supercapacitors using ~ based 
~ as their electrodes.. "J1Ie specific capacitauee can 
be c::aladared .fiom lbe cv data using equation c, = 
21/(sm). wbae I is the aureot, s is-the scan rate 8Dd m is 
1be mass of eledrocle·[17). The calculated values of C,. 
(fable S) are in agn:emeut with that ob$ainc:d fiom the 
other two oiethocls, EIS aDd GCD. . 

Figure .7 shOws the. Ragone plots which oompares the 
.. ~atibn ·:of die 'sPc:cmc poMr agai~ the specific 

., . . cocagy of tbc AOds cdls. Tbc 1alucs of 1bc specific 
'· power (P) and Specific mergy (E) 'WeiC calcUJatcd tiom 

the c:bargc-discbarc curves · (Fagure 5) using equations 
. P = VJJm and E = VJtim. respectively, where I is the 

~r 

ctisrha•p. nnrnt .. V u die vollage excbvJ!ng tbe iR. drop 
occuring at the beginning of the. cfiscbarge. t is the time in 
hour and m is the mass of electrode (18.19,20). All the 
cells offer a typical specific power-specific energy 
relationship. However, the data show. a significant 
decn:ase in the specific energy due to acid tn:atmenL 

t;' 0.008 

s 0,006 

~ 
t-4 OJJOC 

b -= 0.002 \ 6 
~ lE-17 

. e .0.002 

-Aa.u 

----ACM2 
-ADO 

:(3 .0,004 .J--.......------.-----.....----.....----1 
.0.1 0.1 o.3. 0.5 0.7 . 0.9 

Potential, .E {V) 
FIGURE 6. C\! curves for ACMs cells. 
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T~LE 5. 8pcdfic c:apacilanc:c (<;,) for ACMs (x "" EIS. Y"" 
CV;zcsGCD) 

·. CeUs 
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-0.5 o.s 1.5. ~ 35 

Specific EneJXY {Wh kg-1} 

FIGuRE 7. ~ ptocS for ACMs cc:Us. 

Addition of CNTs does not significantly improve the 
specific eoergy. A similar effect also observes for the 
specific power. 

CONCLUSION 

The ACM ftom the acid tmdcd GMs fiom EFB was 
. fOund to hive less IDC9I .. IRS 8 micwpoR:s OWIIrared 

to 1hat fiom 1Dltreatcd-0Ms, causing 1he supercapacitor 
cells filbricated using lbcse ACM to exhibit a 
significantly less satisfilctory pcrfonnance. Addition of 
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CNTs into SACG slightly improved such a less 
satisfactory pcafuuuauce. 1besc cbaoges associated wilh 
the change in Ute density, · electrical conductivity, 
structuR: and microstruc:ture of the ACMs. The results of 
this study suggest that treatment and activation conditions 
should be changed to obtain a better quality of ACMs. 
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